charged rapidly through a coil. The advantages of TMMEP monitoring are that it does not cause pain and is a noninvasive and relatively easy technique to use. 1, 4 We have evaluated the usefulness of this monitoring technique as a test for monitoring spinal cord function during spine and/or spinal cord surgery. 6, 12, 21, 22 One problem associated with using TMMEP monitoring during surgery is that it is extremely sensitive to various anesthetics. To study this problem we worked with canine and rat models to document the effects of various anesthetics on TMMEPs. 10, 13, 14 During our rat studies we developed a technique that enables us to record TMMEPs without using any form of anesthesia. 10 From these experiments it became apparent that TMMEP monitoring may be used as an objective test of motor function in studies on spinal cord injury (SCI). Therefore, the primary objective of this report is to introduce noninvasive TMMEPs as a new technique for monitoring the physiological integrity of the rat spinal cord.
In this paper we report the results of two experiments. The first experiment was performed to collect normative data to determine the reproducibility of the model and to evaluate the effect of changing the stimulus intensity on the evoked signals. The second experiment was performed to determine if the TMMEPs produced are the result of an auditory startle response (ASR). Davis, et al., 5 have demonstrated that after auditory stimulation in the rat, hindlimb electromyographic activity can be generated. They proposed, based on studies of lesions, that these signals were mediated through a circuit that consisted of the auditory nerve, ventral cochlear nucleus, nuclei of the lateral lemniscus, nucleus reticularis pontis caudalis, reticulospinal tract, lower motor neuron, and muscles. 5 Gruner 17 and Gruner and Kersun 18 have recommended ASR monitoring as a technique for assessing descending spinal cord function in rats. During magnetic stimulation, a loud, brief, clicking sound is generated by the movement of the copper coil inside its casing. This movement is caused by the passage of current as the copper coil is charged. The purpose of the second experiment was to determine if the click produced during magnetic stimulation generated an ASR.
Materials and Methods

Normative Data
Normative data were collected from 10 awake, alert, adult female Sprague-Dawley rats weighing between 206 and 232 g (217.4 Ϯ 8.9 g [standard deviation {SD}]). Experimental procedures were approved by the University of Louisville Institutional Animal Care and Use Committee. Behavioral assessment of the animals was performed prior to electrophysiological testing. The clinical examination consisted of the Tarlov test, 27 placing reflex, 11 and the inclined plane test. 25 All animals were tested while awake, restrained, and nonanesthetized. Each rat was placed on its abdomen on a wooden board and wrapped in a light cloth stockingette that was tacked to the board around the animal. 3 All four limbs were pulled out through openings in the stockingette to insert electrodes in them. Figure 1 illustrates the stimulus and recording techniques used to obtain the TMMEPs. Transcranial magnetic motor evoked potentials were elicited using a magnetic stimulator with a 5.5-cm donutshaped coil. The coil was placed over the vertex of the rat's head with the leading edge of the coil lying over its inion. The magnetic pulse was 70 µsec in duration. An intensity series was performed by presenting stimuli in decrements from 100% of the maximum output of the stimulator to threshold (100%, 80%, 60%, 40%, 30%, and 20%). To determine the threshold, the stimulus intensity was decreased to the level of no response and followed by increasing the intensity of the stimulus to the next highest level by increments of 10%, until a response was obtained. Each trial was replicated.
The TMMEPs were recorded using an Excel system. Needle electrodes were placed in both forelimbs (antebrachium muscles) and both hindlimbs (gastrocnemius muscles). The active electrode was placed in the muscle belly, and the reference electrode was placed near the distal tendon of the muscle in each limb. The active electrode was connected to the inverting input of the preamplifier and the distal electrode to the noninverting input. The ground electrode was placed subcutaneously between the coil and the recording electrodes. The interelectrode impedances were less than 3.5 kOhms. The bandpass filter settings were 10 to 3000 Hz. The gain was 5000. The sweep was either 50 msec (5 msec prestimulus delay) or 40 msec (5 msec prestimulus delay). The onset latency was measured as the length of time in milliseconds between the stimulus and the onset of the first wave. The amplitude was measured in millivolts between the distance from the highest peak to the adjacent lowest peak.
The latency and amplitude data were compared by performing Student's t-tests and repeated-measures analysis of variance. Greenhouse-Geisser corrections 15 were used to compensate for violations of the repeated-measures assumption 19 by using commercially available statistical software.
Auditory Startle Reflex Response and TMMEPs
The same animals studied in the first set of experiments were studied in this series. To elicit the ASR, a speaker was manually held directly over the rat's vertex. To reproduce the sound of the magnetic coil, a small microphone, placed in the middle of the magnetic coil, was attached to an amplifier that was connected to the speaker. The noise-intensity level was calibrated using a digital sound level meter. To avoid interference arising from the magnetic field of the coil, the sound-level meter was placed 18 in from the speaker. The stimulating/recording technique for the ASR is schematically shown in Fig.  2 . To evoke the ASR the TMMEP's stimulus was set at 100% of the output of the stimulator. The onset latency and amplitudes of the waveforms were recorded and measured for each response.
Sources of Supplies and Equipment
We obtained the magnetic stimulator (model MS-10) and the Excel system used to record evoked potentials from Caldwell Laboratories (Kennewick, WA). Utah Co. 
Results
Normative Data
The results of all of the behavioral tests were normal. Perfect scores (means and SDs) were obtained for the Tarlov (5 Ϯ 0) and placing reflex tests 11 (2 Ϯ 0). The inclined plane 25 scores were also within the normal range. In the vertical orientation test the inclined plane score average was 77.0 Ϯ 3.5˚. The left side horizontal average was 66.5 Ϯ 3.37˚ and the right side horizontal average was 68.5 Ϯ 2.42˚.
The TMMEP signals were easy to elicit in the rat and were reproducible. Figure 3 illustrates the left-sided forelimb and hindlimb responses recorded in each individual rat, when the stimulus was delivered at 100% output of the stimulator; note the early clear triphasic potential. At 100% intensity the mean forelimb onset latency was 4.2 Ϯ 0.39 msec and amplitude was 9.16 Ϯ 3.44 mV; there was no significant difference between the left-sided forelimb and right-sided forelimb onset latencies (t = 1.64, df = 9; p Ͼ 0.05) or amplitudes (t = 1.2, df = 9; p Ͼ 0.05). The mean hindlimb onset latency was 6.5 Ϯ 0.47 msec, and the amplitude was 11.47 Ϯ 5.25 mV; there was no significant difference between the left and right hindlimb latencies (t = 0.52, df = 9; p Ͼ 0.05) or amplitudes (t = 1.2, df = 9; p Ͼ 0.05). The onset latency was longer in the hindlimb when compared with that of the forelimb, reflecting the longer transmission time through the spinal cord (t = 19.53, df = 9; p Ͻ 0.001). There was no significant difference between the forelimb and hindlimb amplitudes (t = 1.71, df = 9; p Ͼ 0.05). All TMMEPs were present bilaterally after stimulation. Figure 4 shows the effects of decreasing the stimulus intensity on the forelimb evoked signals. As the stimulus intensity is decreased, the forelimb response onset latency increased (F = 15.8, df = 1,7; p Ͻ 0.001), and the amplitude decreased (F = 9.24, df = 4,2; p Ͻ 0.001). A similar trend was observed in the hindlimbs. The hindlimb response onset latency increased (F = 8.64, df = 2,10; p Ͻ 0.001), and the amplitude decreased (F = 9.24, df = 4,24; p Ͻ 0.001). Table 1 provides a summary of the means and SDs of the left-and right-sided averaged forelimb and hindlimb onset latencies and amplitudes at each stimulus intensity for all rats. The mean TMMEP thresholds for the left and the right forelimb were identical (31 Ϯ 7.4% of maximum intensity). There was no significant difference between the intensities for the left (31 Ϯ 5.7% of maximum intensity) and right (30 Ϯ 6.7% of maximum intensity) hindlimb thresholds (t = 1; df = 9; p Ͼ 0.05). Although all rats exhibited a TMMEP response in the forelimb and hindlimb at the 40% stimulus intensity, a forelimb response was demonstrated at 30% in only six of the 10 rats and in only seven of the 10 rats was a hindlimb response demonstrated. Moreover when the stimulus intensity was delivered at 20% of the maximum output of the stimulator, a forelimb response was obtained in two rats, in one of which was also demonstrated a hindlimb response. At 20% the hindlimb response was larger than expected. However, the variability of the amplitude data was significant. As the intensity of the TMMEP stimulus is decreased, the onset latency is increased and the amplitude decreased. With this mode of stimulation there is no significant evidence that supramaximum stimulation occurs. There was no trend to suggest that a plateau occurs in the onset latency. However, the amplitude data appeared to reach a plateau. This observation was not statistically significant; however, this could be explained by the considerable variability of the amplitude data. These trends are graphically depicted in Fig. 5 .
Auditory Startle Reflex Responses and TMMEPs
The results of the sound calibration tests indicated that there was no significant difference between the noiseintensity level generated by the coil (mean 81.93 dB) and the speaker (mean 82.5 dB; t = 1.45, df = 9; p Ͼ 0.05). Figure 6 shows the ASRs that were recorded in 10 normal rats. The intensity of the sound generated by the coil when the stimulus was delivered at 100% of output of the stimulator did evoke an ASR. Although present, the ASRs were poorly reproducible. The ASRs were evoked bilaterally. The onset latencies of these potentials were less variable than their amplitudes. The mean forelimb-response onset latency was 10.01 Ϯ 0.63 msec and that for the hindlimb was 12.15 Ϯ 0.82 msec. The forelimb response onset latencies were shorter than those for the hindlimb (left side t = 8.65, df = 9; p Ͻ 0.001; right side t = 11.28, df = 9; p Ͻ 0.001). There was no significant difference between the left and right forelimb response onset latencies (t = 0.20, df = 9; p Ͼ 0.05) or left and right hindlimb response onset latencies (t = 0.06, df = 9; p Ͼ 0.05). The difference between the forelimb response and hindlimb response latencies reflects the increased transmission time in the spinal cord.
The mean forelimb amplitude was 2.79 Ϯ 1.50 mV, and the mean hindlimb amplitude was 4.13 Ϯ 3.54 mV. There was no difference between the amplitudes of the left forelimbs and hindlimbs (t = 1.00, df = 9; p Ͼ 0.05) or right forelimbs and hindlimbs (t = 1.38, df = 9; p Ͼ 0.05). The amplitudes recorded in the right forelimbs were greater than those in the left forelimbs (t = 2.97, df = 9; p Ͻ 0.05), whereas there was no significant difference between the amplitudes of the left and right hindlimbs (t = 1.64; df = 9; p Ͼ 0.05). The difference between the left and right forelimb amplitude data is probably a result of the variability of the amplitude data.
When we compared the TMMEPs and ASRs, several points became apparent. The TMMEPs were far more reproducible than the ASRs. The ASR onset latencies were significantly longer than those of the TMMEPs at 100% output of the stimulator in both the forelimb (t = 22.9, df = 9; p Ͻ 0.001) and hindlimb (t = 17.3, df = 9; p Ͻ 0.001). Even at threshold intensities, the TMMEP onset latencies were significantly shorter than those of ASRs (forelimb ASR 10.01 msec, TMMEP 5.82 msec; hindlimb ASR 12.15 msec, TMMEP 7.77 msec). The transit time within the spinal cord as measured by the hindlimb minus forelimb onset latencies was approximately 2 msec for both the ASR and the TMMEP.
The ASR peak-to-peak amplitudes recorded in the forelimb were significantly smaller than those for TMMEPs (t = 5.01, df = 9, p = 0.001). The ASR hindlimb peak-topeak amplitudes were significantly smaller than those for the TMMEPs (t = 4.12, df = 9; p Ͻ 0.005). 
Discussion
In these studies we have demonstrated that TMMEPs can be recorded in awake, restrained rats, which can be beneficial when testing spinal cord-injured rats. This test is easy to perform and is reproducible. The evoked signals are of sufficient size that signal averaging is not required, and therefore, the data can be collected and evaluated quickly. As a result of this study, we now use TMMEPs as an electrophysiological test to monitor descending motor function in the rat after experimentally induced SCIs.
As the intensity of the magnetic stimulus is increased, the TMMEP onset latencies decrease and the amplitudes increase. This trend is observed until the maximum output of the stimulator is reached. A supramaximum stimulation effect (plateau) was not observed in the latency of the signals. Although it was not statistically significant, it appears that a supramaximum amplitude response was obtained. The lack of statistical significance may be explained by the variability of the amplitude data. This finding is present in both the forelimb and hindlimb evoked potentials. The difference in onset latency between the forelimb and hindlimb evoked potentials reflects transmission time within the spinal cord. This latency difference was not a function of stimulus intensity, thus suggesting that supramaximum stimulation had occurred.
When the TMMEP stimulus is delivered at 100% output of the stimulator, the sound generated by the movement of the copper coil inside its casing generates an ASR. The ASRs that are elicited are smaller, less reproducible, and occur at longer latencies than those of the TMMEPs. However, the transmission time within the spinal cord is similar (2 msec) for both the TMMEP and ASR stimuli. Because the ASR is mediated through the reticulospinal tract, 5, 18 we suggest that at least part of the TMMEP is generated through this pathway. The latency values for the ASRs evoked after TMMEP stimulation (hindlimb = 12.15 msec) are more delayed than those reported in the literature. In the study by Davis, et al., 5 the authors reported hindlimb ASR latencies of 8 msec, and Gruner and Kersun 18 reported ASR latencies of 8.3 msec. The latency differences can be explained by different stimulating and recording parameters used in their experiments as compared with those used in the present study. It is also possible that we may be recording a separate component of the ASR that is known to reach the gastrocnemius muscle at different times. 5, 24 The TMMEPs have several benefits as compared with the ASRs: 18 1) the ASRs are inhibited if the animal is moving; 2) limb position affects the ASR signal; 3) the ASRs are blocked by anesthetics; 4) the ASRs decrease in size with repeated stimuli; and 5) averaging appears to be required to obtain a satisfactory ASR signal-to-noise ratio.
In several studies the authors have demonstrated that locomotion and postural control are primarily conducted through the ventral spinal cord. 7, 16, 26 Analysis of our second experiment demonstrated that a small, delayed ASR is elicited following magnetic stimulation. According to Gruner and Kersun, 18 the ASR is transmitted via the reticulospinal tract that travels within the ventral cord. 28 Because our ultimate goal is to develop an objective monitoring test to complement behavior studies for SCI research, determining where the TMMEPs travel within the spinal cord should provide us with information on spinal cord function. The amplitude-intensity function for the forelimb and hindlimb potentials is shown. As the stimulus intensity is decreased, the amplitude decreases in both the forelimb and hindlimb potentials. However, considerable variability was observed in the amplitude data.
If TMMEPs travel within the ventral spinal cord, this technique should provide an opportunity to assess quantitatively the portion of the spinal cord that is so intricately involved with ambulation.
We believe that TMMEP monitoring is an objective electrophysiological measure for evaluating ambulatory function in the rat. Several experiments currently underway in our laboratory, as we continue to test the validity of this method, include kainate lesion studies that compare TMMEPs recorded in spinal cord-injured rats with the Basso, Beattie, Bresnahan locomotor rating scale.
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Conclusions
Recording TMMEPs is a useful technique for monitoring descending motor activity within the rat spinal cord. They are reproducible and simple to record. We are now using this technique to evaluate motor function in experimental studies of SCIs.
